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In various cell culture systems, extracellular matrix compo-
nents have been demonstrated to be mitogenic and, in some 
cases, to substitute for growth factors. In order to study the 
effeccs of various matrices on keratinocyte growth, we as-
sessed the incorporation of tritiated thymidine and cell num-
bcr on short-term cultures of human keratinoeytes plated on 
different substrata. For determination of whether thytnidine 
incorporation by keratinoeytes was related to the ability of 
the cells to attach and spread on the substratum, experiments 
to determine the percentage of attached and sprcad cells on 
caeh matrix surface were performed. H igh levels of attach-
ment and incorporation of thymidine with no preferential 
attachment to a given matrix were evident when the cells 
were cultured in the presence of growth factors. When 
growth factors were absent, keratinocytes likewise showed 
no preferential attachment to a given matrix component, but 
demonstrated enhanced thymidine incorporation when ap-
Extracellular matrix molecules are known CO influence the biologic behavior (attachmem. spreading, prolifera-tion, differentiation) of many cell types 11 - 14J. For ex-ample. mammary erithelial cells have a lowered require-ment for epiderma growth factor (EGF) to sustain cell 
rroliferation when these cells are cultured 011 a collagen substratum 1 J. Laminin, a large glycoprotein within bascment membranes. 
induces cultured neuronal cells to produce ncurites and promotcs 
substratum attachment in a variety of cultured epithelial cells [9.13J, 
bur decreases human kerarinocyte migration (12]. 
Cell-matrix influences on cultured human keratinocytes have 
been less well studied than other cell types because of the fastidious 
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Abbreviations: 
BPE: bovine pituitary exm.ct 
DNA: deoxyribonucleic acid 
EDT A: ethylenediamine {ctraacetate 
EGF: epidermal growth factor 
H.BSS+: Hank's balanced Sl it solurions with 1 mM calcium chloridc 
lH: tritium Ot tritiated 
posed to type IV collagen or fibronectin in comparison with 
tissue culture plastic or laminin . In the absence of epidermal 
growth factor (EGF) and bovine pituitary extract (BPE), in-
creased spreading on type IV collagen and fibronectin was 
associated with enhanced incorporation of thymidine. In 
agreement with the thymidine incorporation results. when 
kcratinocyrcs were cultured for 7 d. cell numbers were in-
creased in cultures plated on rype IV collagen ollly if growth 
factors were excluded from the medium. When attachment 
of cells to substrata with or without growth factors was com-
pared, either EGF or BPE enhanced attachment to all of the 
substrata tested. It is concluded that under suboptimal growth 
conditions extracellular matrix cornponcnts can modulate 
keratinocyte growth. Also, under these conditions, spread-
ing. hue not attachment, correlates with growth potencial. 
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nature of these ce lls and the complex conditions needed to initiate 
and sustain them in culture. Keratinocyte cultures frequently re-
qUIre serum, co-culture with 3T3 ce lls. or addition of uncharacter-
ized extracts from bovine pituitary glands (EPE) [15,16]. These 
"additives" have obscured or contributed to inconsistent resul[S 
when cell -matrix experiments have been attempted with keratino-
cyte cultures. Nevertheless, it is known that human keratinocy tes 
can synthesize type IV collagen fi 7J, laminin [18,191, and fibronec-
tin 120,2 tJ and use these basement mcmbrane and matrix compo-
nents to modulatc cell locomotion 110.12]. In this study, we exam-
ined the proliferation of human keratinocytes cultured on different 
extracellular matrices in serum free, low calcium (0.1 mM) medium 
with or without EGF and EPE. We used submaximal growth me-
dium in order to detect the effect of matrices. effects that may be 
obscured by the powerful stimulation of soluble growth mediators. 
In order to adequately assess kcratinocyte proliferation using both a 
thymidine incorporat ion assay and cell counts. we also determined 
keratinocyte attachment [0 each matrix substratum. In addition, to 
determine if keratinocyte growth on matrix correlated with the 
ab ility of the ce ll to spread on the substratum. keratinocytc spread-
ing on various matrices was dcrennined. 
METHODS 
Cell Cultures Human keratinocyte cultures were initiated from 
neonatal foreskins according to a modification [22] of the method of 
Rheinwald and Green [15]' After 5 to 10 d in culture, petri dishes 
were washed with 0.1 % (v /v ) trypsin (Gibco I : 250, Grand Island, 
New York) in order to remove 3T3 cells from the cultures, and rhe 
kera tinocytcs were subsequently serially subcultured in serum-free 
MeDU 153 medium with supplemental amino acids, insulin, phos-
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phocthanolamine. ethanolamine, and hydrocortisone [23J ("basal 
medium") bue without EGF or BPE except as indicated in figure 
legends. 
Matrix Components and Growth Factors L.,minin and type IV 
collagen were purifie-d from the EHS rumor as previously described 
[24,25[ or obtained commercially (Iaminin: BRL, Bethesda, Mary-
land; human placen,,1 pcpsinized eypc IV collagen: Sigma Chemi-
cal, St. Louis, Mo.). Fihronectin was purified from human plaslUa 
[10J. EGF was purified to homogeneity from rat submandibular 
~lands according [0 Savage and Cohen [261 as previously reported 
PO]. BPE was prepared from fresh bovine pituitary glands (PeI-
freeze. Brown Deer, WI) according to Boyce and Ham 116]. 
Keratinocyte Thymidine Incorporation Assay Using a kcrat-
inocyrc culture system as outlined above, O'Keefe and Chiu [27J 
developed a thymidine incorporation assay for keratinocytes and 
showed that it was a valid indicator of keratinocyte proliferative 
growth by comparing incorporation of radioactivity with direct 
measurements of cell number. All assays were performed in 24-well 
Corning trays using 1 m! of MCDn 153 mediuJll. with or without 
the addition of EGF (5 ng/ml) and/or BPE (150 )lgs/ml). W ells 
were either uncoated or coated with type IV collagen (30,ugsjml), 
fibronectin (80 or 90 ,ugs/ml), lamillin 90 ,ugs/ml, or a combination 
of typc IV collagen and Iaminin (30 and 90 ,ugs/ml, respectively). 
We added 1 ml of Hanks balanced salt solution with 1 rnM cal-
cium (HBSS+) to each well with matrix and incubated the wells at 
37·C for 2 h in order to allow the matrices to bind to the wells. The 
wells were then washed with HBSS without calcium, and 10,000 
keratinocytes were plated in the wells with I ml of medium. Using 
identical labeled matrix components, we have shown previously 
[121 rhat bcrween 58% and 62% of the matrices arc bound to poly-
styrene plastic under these conditions. Between 12 and 14 h later, 2 
,uCi oPH-thymidine were added to each well and the cultures were 
incubated for 6 or 24 h. The wells were then washed with phos-
phate-buffered saline at 4·C and incubated for 10 nun in ice-cold 
5% trichloroacetic acid. The wells were aspirated and 1 mlofO.l N 
NaOH containing 0.1% sodium dodecyl sulfate added for 10 min at 
24 · C to solubilize thecdls. Solubilized radioactiviry was counted in 
a scindllation counter with Safety Solve (Research Products Inter-
national, Mount Prospect, IL). All experiments were performed in 
triplicate and triplicate countS of each dish were averaged. 
Keratinocyte Attachment Assay In order to examine the influ-
ence of EC F and BPE on the attachment ofhulllan keratinocytes [Q 
matrices, a modification of the attachment assay described by Klebe 
!281 was performed in parallel with the thymidine incorporation 
assays. To determine the number of keratinocytes bound to the 
matrices immobilized to the bottom of the wells under the condi-
tions of the thymidine incorporation assay, we followed procedures 
identic.,,1 to the incorporation assay except that thymidine was nOt 
added. At the end of the 6- or 24-h culture periods, the wells were 
aspirated and washed three times with culture medium, and the 
attached cells were released with 0.25% trypsin, 0.1% EOTA, and 
counted in an electronic particle COunter (ZEI; Coulter Electronics, 
Hialeah, FL) after suspension and dilution in Isoton (Coulter Elec-
tronics). The percentage of attached cells was calculated as above. 
Triplicate counts of triplicate attachment assays were performed, 
and the counts were averaged. 
Kerarioocyte Growth Assay Cells (10,000/011) were plated in 
2 Illl of basal MCDB 153 medium as described for thymidine incor-
poration, but in 35-mm tissue culture dishes. Medium was replaced 
twice weekly. At times indicated in Fig 6, cells were released with 
trypsin and counted in a Coulter electronic particle counter. Each 
experimental situation was performed in triplicate. and the cell 
counts were performed 5 times each and averaged. 
Keratinocyte Spreading Assay The ahiliry of various extracel-
lular matrices to induce the spreading of human keratinocytes in 
very short-term cultures has been previously reported by O'Keefe 
and colleagues POl. In order to examine the relationship berween 
human keratinocyte spreading with and without EGF and nPE and 
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Ollr 24-h thymidine incorporation data, a modification of the pre-
viously reported [10] spreading assay was performed to examine cell 
spreading at 24 h. Briefly, 1 ml of HBSS+ was added to 35-mm 
dishes with or without matrix molecules (45 ,ugs of rype IV colla-
gen, 90 Ilgs of laminin, or 90 )lgs of fibronecrin). The dishes were 
incubated at 37·C for 2 h in a humidified incubator with 5% CO2 • 
The dishes were washed twice with HBSS and 10,000 keratinocytes 
added to each dish with 1 ml of complete MCDB 153 medium with 
supplements or the same medium without EGF and BPE. The cul-
tUTes were incubated at 37·C as above for 24 h, washed twice in 
HBSS+, and fixed in 1 ml of3% formaldehyde in Dulbecco's phos-
phate-buffered saline (PBS). The dishes were viewed with an in-
verted phase microscope (Nikon, Nippon, Japan) at 200X magnifi-
cation and at least 100 cells in random. non-overlapping fields 
coumed in a blinded, coded fashion. The percentage of spread cells 
w.as determined in each dish, and the percentage of spread cells on 
each situation calculated as the mean percentage of spread cells in 
triplicate dishes. Spread cells had a skirt of cytosplasm. dark nuclei, 
or both. Unsprcad ce lls had refractile borders, no dark nuclei, and no 
skirt of cytoplasm. 
RESULTS 
lnBuence of Matrix on Thymidine Incorporation In order to 
determine if the extracellular matrix upon which keratinocytes arc 
cultured could influence their growth potential, the ability of 
human keratinocytes apposed to different substrata to incorporate 
tritiated thymidine was assessed. As expected, human keratinocytes 
cultured in complete MeOB medium contajning EGF and BPE 
exhibited high levels of incorporation of 3H-thymidine compared 
to those cultured in medium without EGF and BPE (vide infra). 
However, differences in the levels of incorporation were not signifi-
cant when the cell cultures on tissue culture plastic, type IV colla-
gen, laminin, fibronectin, or a combination of type IV collagen and 
laminin were compared (Fig 1). 
In contrast, when keratinocytes were cultured without EGF :md 
BPE, incorporation was substantially reduced compared to cultures 
with the growth factors, and notable differences in the levels of 
incorporation were apparent when the cells were grown on differ-
ent matrices (Fig 2). These differences were best appreciated at the 
24-h time point: keratinocytes cultured on type IV collagen and 
fibronectin exhibited increased incorporation of thymidine com-
pared [0 cells plated on ti ssue culture plastic. Laminin only mini-
mally enhanced incorporation over tissue culture plastic. When 
combined with type IV collagen, laminin was associa ted with lower 
incorporation levels than type IV collagen alone. Parallel ex peri-
2. 
20 
16 
~ Q 
• 12 
E 
a. 
u 
8 
4 
0 
Type IV 
Lominin 
~24h--, 
-3030-- -3030--
- -9090- - -9090-
80 ----80 
'-----}JQ/well-----
Figure t . Incorporation oflH-thymidlne inm keratinocytes cultured in the 
prescnce of EGF :U1d OPE on various matrlccs for 6 hand 24 h. Bars; mcan 
counts incorpor.l.tcd in mplicate cultures. 
VOL 94, NO. I JANUARY 1990 KERATINOCVTE THYMIDINE INCORPO RATION AND SPREADING ON MATRICES 141 
24 
20 
~ 
16 
~ Q 
K 12 
E .--24 h-----, 
<> 
u 
8 
• r----6 h-----, 
0 
Type: IV 3030 -3030--
Lom'" ln - -9090- --9090-
Flbronectin - 80 ---- 80 
L-----}JQ/well-----' 
Figure 2. Incorpor:arion oflH-thymidinc into kentinocytcscultllTcd with-
our EGF and BPE on various matrices for 6 hand 24 h. Bari: me:!.11 counts 
incorporated in triplicate cultures. 
menrs in which either EGF or HPE were absent in rhe medium 
demonstrated intermediate incorporation and minimal differences 
between matrices (not shown). 
Attachment Marked differences in attachmcnc of the cells to each 
matrix could give erroneous conclusions in rhe thymid.ine incorpo-
ration assay when comparing the influence of each matrix. There-
fore . we direcdy determined the percentage of attached cells to each 
substratum in parallel with the incorporation experiments. Kerati-
nocytes plated in complete medium with growth factors for 24 h 
exhibited high attachment (44%-88%) to all of the matrices (Fig 
3). Keratinocytes attached least well to laminin (48%) and showed 
minimal differences in attachmem to plastic, type IV collagen, fi-
broncctin, or a combination of type IV collagen and laminin (Fig 3). 
In conrrast, keratinocytes cul tured withom EGF and BPE showed 
relatively low levels of attachment at 24 h to the various matrices. 
There were minimal differences in the percentage of ce lls attached 
(16%-27%) on plastic. type IV collagen.l.aminin. fibronectin. or a 
combination of type IV collagen and laminin (Fig 4). In cultures in 
which the keratinocytes plated on the various marr1ces were grown 
in medium in which either EGF or fiPE, but not both, was omitted 
from the medium. attachment was increased moderately at 24 h 
when compared to conditions without these factors (Figs SA,B). 
Cultures with BPE alone appeared to result in slightly higher at-
tachmcnc o n all matrices compared to EGF alone. The results of 
these experiments indica te thar under the conditions of the thymi-
dine incorporation assay keratinocytcs do nOt preferentially attach 
to a given extracellular matrix component and that there are ap-
proximately equal numbers of cel ls in the dishes at 24 h on all of the 
substrata. Therefore. the differences in thymidine incorporation 
demonstrated in Fig 2 could not be explained by differences in the 
number of cells attached to the matrices in the dishes. 
C ell Growth Although the tritiated thymidine incorporation 
assay has been shown previously to correlate with kerannocyte 
growth potential [27] , we directly examined the number of ce lls in 
cultures plated on plastic or type IV collagen over a 16-d period and 
compared medium with and without growth factors. Experiments 
in which cdls were counted to determine the effect of matrix com-
ponents o n growth corroborated the results of thymidine incorpora-
tion assays. As shown in Fig 6, cells plated on plastic proliferated less 
than cel ls plated on type IV collagen. These results were only appar-
ent under conditions in which EGF and BPE were excluded from 
the medium, since cells cultured in the presence of BPE and ECF 
achieved greater numbers than cells cultured on type IV collagen 
(Fig 6). Cells grown in the presence of DPE and EGF were consist-
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ently unaffected by the availabi li ty of matrix components in various 
concentrations (not shown). 
Kerat inocyte Spread ing The l H-thymidine incorporation ex-
periments in cOI~unction with parallel attachment assays indicated 
that the growth potential of keratinocytes and attachment to extra-
cellular matrix could not be directly related. lH-thymidine incorpo-
ration w:ts related to the type of ex trace llular mattix upon which the 
cel ls were plated. however. Therefore, it was possible that some 
matrix effect upon the ce lls other than attachment might be respon-
sible for the enhanced incorporation o f thymidine. Extracellular 
matrices arc known to have profound effects o n kc:ratinocyte 
spreading and locomotion [10.12]. Ingber and colleagues (29J found 
that DNA synthesis in endothelial cell cultures was related to cell 
spreading rather than anachment to substrata. W e wondered if cell 
spreading rather than attachment to matrix might be the biologic 
effect of matrix on keratinocytC's that was related to enhanced thy-
midine incorporation. In order to determine if the growth of kerat-
inocytes correlated with their ability (Q spread on matrix, parallel 
experiments were performed to assess the percentage of cel ls spread 
on each substratum with or without growth factors. 
In the presence o fEGF and BPE, keracinocytes spread on all of the 
matrices tested, including plastic (Fig 7). The percentage of spread 
cell s o n each substratum va ried within a relatively narrow range 
(67% on I,minin ,nd 92% on eype I V collagen) compared to parallel 
experiments in which growth factors were excluded (5. 1 % on plas-
tic and 84% on fibrollcctin) . In the absence of EGF and DPE, a type 
IV collagen or fibronectin substratum supported cell spreading, but 
spreading was substantially reduced o n plastic. In accordance with 
the thymidjnc incorporation data. differences in the ability matrices 
to support ce ll spreading were greatest in medium without EGF and 
IlPE. 
DISCUSSION 
The experiments in this study indicate that when keTa tinocytes are 
cultured on various matrices. differences in thymidine incorpora-
tion and growth cannot ~ detected unless growth factors, EG F and 
BPE, arc excluded from the culture medium. In the presence of 
these growth factors. the cells appear maximally stimulated and no 
significant differences in the levels of incorporation are detected 
when the cells arc: plated o n different matrices. When these 
growth-promoting agents arc excluded, thymidine incorporation is 
significantly increased in cells plated on type IV collagen o r fibro-
nectin when compared to those on ti ssue culture plastic. A very 
minimal increase in the level of incorporation is detected when 
kcratinocytes arc grown on laminin, a glycoprotein that is known [0 
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Figure 6. Growth of keratinocytes on Type IV collagen with or without 
growth f:lCfOrs. Keruinocytcs were pl:lted:lt 10.000 cclls/ ml in 2 mlofbWTII 
medium :IS in Mauridls and Mtthods. Cells were pl:iwi on plastic in medium 
without EGF or BPE (Qpm mcltS), on plastic in medium with EGF :lnd aPE 
(triangltS), :lnd on type IV coll:lgen in medium without EG F :lnd BPE (solid 
circles). At the times indic:tted. the dishes wete washed, :lnd the cells sus-
pended :lnd counted. Note that the ry~ IV collagen effect th:lt is evident in 
medIUm without growth (:letor (rolid circlts) is obscured by the presence of 
growth factors even when the cd ls :Ire on a plastic substr:1t:l (triangltS). 
inhibit keratinocyte motil ity 112J. When keratinocytes are culrured 
on a combined matrix of laminin and rype IV collagen, thymidine 
incorporation is significantly increased , probably largely due to the 
presence of type IV collagen, since laminin alone as a substratum has 
minimal effect, and the combined matrix supports incorporation to 
... lesser extent than does type IV collagen alone. 
In experiments with or without EGF and BPE in the culture 
medium, a strong preferenrial attachment of human keratinocytes 
to a given matrix component could not be demonstrated. In contrast 
to mher epi thel ial cells [131. we could not demonstrate preferential 
attachment to laminin. Both of these findings are in accordance 
with the data of Kubo et al [301. who examined keratinocytc attach-
ment arter 14 h of culture on laminin, fibronecrin. collagens. bepa-
ran sulfate proteoglycan, gelatin , and albumin in defined medium 
with EGF. Under these condi tions, they found high levels of attach-
ment on all of the extracellular matrices. However. it appears that 
bOth EGF and BPE can enhance anachment of keratinocytes to 
matrix and plastic. Moreover, these agents have a synergistic effect 
on the number of attached cells at 24 h, as shown by attachment 
assays done at 6 and 24 h. Since the doubling time of the cells under 
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Figure 7. Ker:ltinocyte spreading on v:lrious m:lfrices when cultured with 
or without EGF and BPE. 
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these conditions is over 30 h r 121. [he higher number of anached 
cells cannot be explained by proliferative growth during the culture 
period. It is possible that these factors en.hance substratum attach-
ment by increasing pueative m atrix anachment receptors [8J. 
In agreement with the th ymidine incorporation data, differences 
in kcratinocyte spreading at 24 h on various matrices were g rea test 
whe n EGF and BPE were excluded from the cultures. In the abse nce 
of these growth faccors, thymidine incorporation and spreading are 
enhanced by type IV collagen or fibronectin compared with laminin 
or plastic. These data support the no tion that spreading may be 
required fo r growth. Since ce ll s which attach to plastic (Fig 4) but 
fail to spread well (Fig 7) .Iso fail to incorporate ,hymidine (Fig 2). 
attachment alone withoue spreading does not appear sufficient to 
support subsequent growth. Attached cells which spread. however, 
can be stimuiared to proliferate. Our findings arc in agreement with 
,he findings of !ngber and colleagues [29]' who demonstrared tha, 
endothelial cell DNA synrhesis on various matrices correlates with 
cell spreadi ng bue not with cel l attachment. The reduced spreading 
on laminin without growth factors is also associated with reduced 
thymidine incorporation under the same conditions (Figs 7 and 2). 
The data indicate that matrix components can influence keratin-
ocytc proliferative growth and spreading but that these m atrix ef-
fects may nOt be detected in cell culture unless potent keratinocyte 
mitogens, EGF and BPE, are excluded from rhe culture medium. 
Also, the data support the notion that EGF and BPE may act as 
keratinocy te mitogens partially by enhancing keratinocyte anach-
ment to and spreading 011 substrata and thereby increasing the initial 
effective plating density of the cell cultures. 
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